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Introduction
In high-risk malignant diseases like acute myeloid leukemia (AML), myelodysplastic syndrome (MDS) or acute lymphoblastic leukemia (ALL), relapse remains the major cause of treatment failure after allogeneic stem cell transplantation (SCT).
1,2 Treatment of post-transplant relapse is difficult and most strategies including donor lymphocyte infusions and second allogeneic transplantation have a limited efficacy in the majority of cases. [3] [4] [5] Therefore, investigators have undertaken various attempts to optimize monitoring of minimal residual disease. But still, only 30-50% of cases with AML and high-risk MDS with an indication for allogeneic transplantation harbor leukemia-specific mutations which can be monitored by sensitive PCR techniques. 6, 7 Thus, one could envision that a new technique allowing for serial MRD monitoring in a higher proportion of patients would potentially allow the detection of pending relapse in a higher proportion of patients after SCT. Methods to improve the sensitivity of chimerism analyses include the combination of fluorescence activated cell sorting of specific cellular subpopulations and subsequent chimerism analysis 8 or the use of fluorescence in situ hybridization and immunocytochemistry (FICTION). 9 Several groups have applied chimerism analysis in cells expressing the leukemic phenotype, e.g. cells expressing aberrant antigens. 10 CD34 is expressed on blast cells of more than 80% of all cases of AML and more than 50% of all ALL patients. However, sufficient numbers of CD34 + cells for chimerism analysis derived from bone marrow aspirates may be difficult to obtain at short intervals. 11 We have developed a quantitative assay for chimerism analysis requiring low cell numbers which can be used to analyze donor chimerism in CD34 + cells selected from the peripheral blood. With this study, we confirm the prognostic impact of a decreasing CD34
+ peripheral blood donor chimerism in 90 patients with AML, ALL and MDS.
Design and Methods
To establish the diagnostic algorithm, we compared CD34 Disease-specific risk categories were specified according to the FAB classification AML, ALL in first or second complete remission (CR), refractory anemia (RA) or refractory anemia with ring sideroblasts (RARS) were categorized as low-risk (n=42), AML or ALL not in remission or beyond 2 nd CR and refractory anemia with excess of blasts (RAEB/RAEB-t) were defined as high-risk (n=48) with respect to probable treatment-failure and risk of relapse. Informed consent had to be obtained before day 0.
Cell sorting (FACS) and chimerism analyses

CD34
+ donor chimerism was analyzed on days 28, 56, 84, 112 as well as 6, 12 and 18 months after transplantation. Pre-enrichment of CD34 + cells using magnetic beads and subsequent fluorescence activated cell sorting was performed as recently described in detail. 12 When sufficient cell numbers were available, between 1,500 and 10,000 CD34 + cells were sorted. The median purity, as measured by repeated FACS analysis, was 98% (range 88-100%). In parallel, overall WB chimerism was analyzed weekly from day 14 to day 56 and every four weeks until 18 months after transplantation out of 5-8 mL peripheral blood.
The methods for DNA isolation and chimerism analysis have been described in detail. 13 Since June 2005 the HumanType Chimera kit (Biotype, Dresden, Germany) was used which amplifies 12 STR loci and the amelogenin locus.
Clinical follow-up
In patients in whom the CD34 + or WB donor percentage fell below 80% and 95%, respectively, bone marrow aspiration and a confirmatory chimerism analysis were performed within the following 7-14 days. Whenever decreasing CD34 + or WB donor signal was confirmed and no signs of active GvHD were present, a rapid taper of immunosupression (50% every 5-7 days) or donor lymphocyte infusions (DLI) were applied according to the treating physician's decision. The median follow-up for all patients was 44 months (range 13-106) by December 15 th 2008.
Statistical analysis
Median and ranges are provided for the purpose of descriptive quantitative statistics. The Wilcoxon test was used to compare paired samples obtained from 36 patients at identical time points. Estimates of overall survival (OS) and event free survival (DFS) were obtained by the Kaplan and Meier method.
14 Univariate analyses of the influence of different variables on survival were performed using the log rank statistics. The incidences of relapse and non-relapse mortality (NRM) were calculated using cumulative incidence estimates. 15 NRM and relapse were treated as competing risks. Comparisons between cumulative incidences were assessed by using the Gray test. The impact of the occurrence of decreasing CD34 + chimerism on survival and relapse was tested in a time-dependent Cox regression model.
Results and Discussion
Using the method described above in the 90 study patients, the level of CD34 + chimerism could be determined in 798 out of 863 analyses (91%) performed between day 28 and 18 months after SCT including confirmatory analyses in patients who had shown a decrease below 80%. Figure 1 provides an overview of the number of patients investigated at the pre-defined | 1614 | haematologica | 2009; 94(11) Figure 1 . Patients investigated at pre-defined time points. The bar graph shows how many patients were investigated at each time point specified within the protocol. In addition, the number of cases with a CD34 + donor chimerism less than 80% is provided. Finally, the filled black bars quantify the number of patients who subsequently experienced relapse. Pts. with CD34 + chimerism Cases < 80% Pts. with subsequent relapse time points. On day 28, the blood counts of several patients were too low to be investigated. Of course, patients who had experienced hematologic relapse or transplant-related death could not be included on the respective occasion. The bar graph additionally shows the number of patients with a CD34 + chimerism of less than 80% at each time point including those who subsequently experienced hematologic relapse.
An incomplete or decreasing CD34 + donor chimerism was documented in 28 out of 35 patients before they experienced relapse of leukemia (positive predictive value 80%). In 6 cases, relapses occurred either very late after the last molecular analysis (day 1,152) or at least three weeks after CD34 + chimerism analyses (day 211, 160, 142, 216, and 217, respectively). Only one patient experienced relapse shortly after CD34 + chimerism analysis with a level of more than 80% at that time point (day 117).
The median donor chimerism in CD34 + sorted peripheral blood samples was shown to be significantly lower (median 89.5%, range 1.5-99.5%) than in CD34 + sorted bone marrow cells from the same patient on the same day (median 97.7%, range 0.4-100; p value= 0.0001). Only a very few (n=4) patients had higher chimerism values in the peripheral blood compared to the bone marrow arguing for a higher sensitivity of the assay performed with peripheral blood samples (Figure 1 , Online Supplementary Appendix). This observation is difficult to explain but may be caused by an earlier release of malignant progenitors compared to donor CD34 + cells and a consequent dominance of healthy donor CD34 + progenitors within the marrow environment. Most impressively, the incidence of relapse after 48 months in patients with a decrease of CD34 + donor chimerism of less than 80% was significantly increased compared to patients with values remaining more than 80% (57% vs. 18%; p=0.0001; Figure 2A ). The median interval between a decrease in CD34 + chimerism below 80% and hematologic relapse was 61 days (range 0 -567). Decreasing WB chimerism could be documented only nine days (range 0-478) before hematologic relapse.
As shown in Figure 2 B and C, a decrease of CD34 + donor chimerism below 80% during follow-up was associated with a significantly lower probability of overall (66% vs. 32%, p=0.009) and disease free survival (64% vs. 27%, p=0.001) at four years after SCT. Interestingly, CD34 + donor chimerism was predictive for DFS in the high-risk as well as in the low-risk group. (Figure 3A and B) .
In a Cox regression model including age, risk group, donor type, conditioning intensity and CD34 + donor chimerism above or below 80% performed in all 90 patients only the risk group according to remission status before transplantation and CD34 + donor chimerism turned out to be independent risk-factors for the probability of overall and disease free survival as well as relapse. Hazard ratios and confidence intervals are provided in the Online Supplementary Table S2 .
One major advantage of our strategy is the use of peripheral blood which allows more frequent analyses compared to the analysis of bone marrow CD34 + cells. Of course, an amount of 40 mL blood still limits the overall number of serial analyses, especially in children, and limits its current use as a routine diagnostic procedure.
The sensitivity of the method in patients with CD34 + Figure 2 . (A) CD34 + donor chimerism and outcome. Patients in whom CD34
+ donor chimerism dropped below 80% had a significantly higher incidence of relapse compared to cases with a stable/complete CD34 + chimerism. This was also associated with a significantly lower probability of (B) overall and (C) disease free survival. leukemic cells achieves levels comparable to that of PCR assays amplifying leukemia-specific transcripts or mutated DNA sequences. In previous analyses we have shown that one in 40,000 leukemic cells can be detected with this technique. 12 Of course, the use of a PCR assay amplifying a leukemia-specific disease marker in cases with bcr/abl-postive ALL or AML with an altered core-binding factor subunit is clearly preferable. But still, one has to keep in mind that in case of core-binding factor positive AML bone marrow aspiration is required to achieve a comparable sensitivity. In our experience, the sensitivity of CD34 + chimerism analysis in peripheral blood is comparable to that observed with a nested PCR in bcr/abl-positive ALL or CML. In cases with recurrent cytogenetic aberrations which were found in about 40% of patients in our study, the respective metaphase analysis or interphase fluorescence in situ hybridization (FISH) would have a clearly lower sensitivity. Beside the use of alternative markers for the subset chimerism analyses, a considerable proportion of patients with CD34-negative AML might harbor a nucleophosmin-1 mutation which can nowadays be elegantly used for MRD studies after transplantation. 16 Previous investigators have reported on their experience with serial analyses of CD34 + chimerism. In the first study, a decrease of CD34 + donor chimerism in the bone marrow (BM) was also associated with an increased risk of relapse. 11 Since only 20 patients could be investigated in an uncontrolled manner, no definitive conclusions on the added benefit of CD34 + chimerism in BM can be drawn. Zeiser and co-workers compared conventional and lineage-specific chimerism analysis in blood and marrow samples. 17 In contrast to our findings, imminent relapse was not detected earlier using the lineage-specific approach. The reason for this difference might in part be due to the lower purity of the CD34 + fraction enriched by immunomagnetic selection only and the consecutively lower sensitivity achieved in their studies. As demonstrated, the use of peripheral blood in our hands is even more sensitive than the analysis of CD34 + selected BM in myeloid malignancies. In our study the analysis of CD34 + donor chimerism allowed the prediction of relapse in 80% of cases. But still, the experience of our study confirms once again that recurrence of AML or ALL is difficult to prevent by preemptive strategies in the subgroup of patients with decreasing CD34 + donor chimerism even in case of earlier detection. As previously reported, measures to harness graft-versus-leukemia reactions like rapid tapering of immunosuppression or DLI were without long-term efficacy in the majority of cases. 17 In these patients, new strategies including immunomodulatory therapies, small molecules or demethylating agents should be tested in prospective trials. [18] [19] [20] In summary, the results of this study show for the first time that the serial chimerism analysis in CD34 + cells sorted out of peripheral blood is a sensitive technique to detect residual or reoccurring disease after allogeneic SCT. Its use allows the prediction of relapsing disease in most cases with CD34 + leukemia. The major advantage is the less frequent requirement of bone marrow aspiration and the possibility to start preemptive therapeutic interventions earlier. Since the method is time and labor-intensive, it needs further optimization before entering routine use.
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